Future total-power single-dish HI intensity mapping (HI IM) surveys have the potential to provide unprecedented insight into late time (z < 1) cosmology that are competitive with Stage IV dark energy surveys. However, redshifts between 0 < z < 0.2 lie within the transmission bands of global navigation satellite services (GNSS), and even at higher redshifts out-of-band leakage from GNSS satellites may be problematic. We estimate the impact of GNSS satellites on future single-dish HI IM surveys using realistic estimates of both the total power and spectral structure of GNSS signals convolved with a model SKA beam. Using a simulated SKA HI IM survey covering 30000 sq. deg. of sky and 200 dishes, we compare the integrated GNSS emission on the sky with the expected HI signal. It is found that for frequencies > 950 MHz the emission from GNSS satellites will exceed the expected HI signal for all angular scales to which the SKA is sensitive when operating in single-dish mode.
INTRODUCTION
HI tomography of the Universe has the potential to provide information on the full evolution of large-scale structure (LSS) between 0 < z < 300 (Pritchard & Loeb 2008; Loeb & Wyithe 2008) . The HI intensity mapping (HI IM) technique is expected to be an extremely efficient method of performing a survey of LSS and exploratory attempts are already being made with existing single-dish (Parkes, Pen et al. 2009; Anderson et al. 2018) (GBT, Chang et al. 2010; Masui et al. 2010; Masui et al. 2013; Shaw et al. 2014; Wolz et al. 2016 ) observatories with varying degrees of success. Attempts have also been made with interferometric observatories such as the Ewall-Wice et al. (MWA, 2016) Ghosh et al. (GMRT, 2011) , Patil et al. (LOFAR, 2017) and Ali et al. (PAPER, 2015) . In the near future single-dish HI IM surveys using the MeerKAT (Santos et al. 2017 ) and ultimately the SKA-MID arrays as collections of single-dish telescopes are expected to provide constraints on late-time cosmology that is competitive with Stage IV dark energy surveys .
Unfortunately HI line emission, even when integrated over many galaxies, is comparatively faint when compared to other sources of radio emission at frequencies < 1420 MHz. An obvious source of radio emission is the Galaxy, which is approximately 4−6 orders-of-magnitude brighter than the expected HI intensity field (e.g., Alonso et al. 2015) . As well as astrophysical foregrounds other contaminants to the data can originate from the systematics E-mail: stuart.harper@manchester.ac.uk within the receiver system such as correlated 1/ f noise Harper et al. 2017 ), but also from the man-made radio environment surrounding the observatory. One extremely problematic form of man-made radio frequency interference (RFI) for radio astronomy comes from satellites within the global navigation satellite service (GNSS).
The GNSS is composed of several constellations such as the United States funded Global Positioning System (GPS), the Russian Global Navigation Satellite System (GLONASS), the European Galileo constellation, the Chinese BeiDou system, and several regional or support constellations run by India, Japan and Europe (Hofmann-Wellenhof et al. 2007 ). In total there are approximately 60 GNSS satellites in orbit at present, which is set to increase to 120 by 2030 (Gao & Enge 2012) , and each one has a flux density when observed in-band comparable to the quiet Sun (≥ 10 6 Jy).
The prevalence and brightness of transmissions from GNSS satellites will have a significant impact on any future total power single-dish HI IM survey such as those planned by the SKA , MeerKAT (Santos et al. 2017) , BINGO (Battye et al. 2013) or FAST (Bigot-Sazy et al. 2016) . As single-dish observatories have no method of discriminating between emission picked up within the main beam or the sidelobes of the telescope, extremely bright sources of emission such as GNSS satellites will be imprinted into the data. The impact of GNSS satellites on future single-dish HI IM surveys will depend on the magnitude of the GNSS fluctuations, picked up within sidelobes, compare with the expected fluctuation scale of the HI intensity signal. However, for interferometric surveys the impact of GNSS emission should be significantly reduced because the satellite signals will not be perfectly correlated between dishes and GNSS emission is expected to be more problematic on large-scales to which interferometers are not sensitive.
There are a couple of obvious solutions to reducing the impact of the GNSS transmissions. One is to design a bespoke telescope for HI IM that has very low sidelobes. The other mitigation method is to simply not observe close to the GNSS transmission bands. However, it should be stressed that GNSS transmissions are not necessarily constrained to the frequency bands allocated to each constellation. GNSS frequency allocations are set by the International Telecommunications Union (ITU) (Union 2004) , who also provide guidelines for the maximum out-of-band power that is allowed to leak out of these allocations (Union 2015) . However, the out-of-band GNSS transmissions can still be extremely bright relative to astrophysical and cosmological sources of emission, even when only being measured in the sidelobes of a telescope. Determining exactly how bright these out-of-band transmissions within the sidelobes of a model SKA telescope are relative to the HI intensity field is the goal of this work.
The rest of the paper is set out as follows: In Sec. 2 a description of the methods used to simulate the telescope beam model, observing strategy and satellite transmissions is described. Sec. 3 then takes these simulations and determines the frequency range and spatial scales that are expected to be highly contaminated by GNSS satellites. Finally Sec. 4 will bring together some thoughts and the main conclusions of this work.
SIMULATIONS
In this section the pipeline used to perform the end-to-end simulations of the expected RFI from GNSS transmissions is described. The code used to perform these simulations is the same as that described in Harper et al. (2017) and the reader is directed there for further details about the pipeline. This section will describe only the relevant parts of the pipeline for this work, and the expansions required to included GNSS transmissions.
The basic receiver model that is used to describe the timeordered-data (TOD) outputs from the simulation pipeline is
where the TOD vector (d) is a function of both time and frequency. The term T sats (Ω, ν) is a set of delta functions describing the antenna temperature contributions of each satellite at position Ω in the sky at a given time and frequency ν. The calculation of T sats is described in detail in Sec. 2.3. The terms G r (ν)B r (Ω − Ω 0 , ν) describe the gain of the beam in any given direction Ω at a given time relative to the main beam axis Ω 0 . The beam model is described in detail in Sec. 2.2. The final TOD d is generated by convolving the beam model with every satellite at each time interval. There is no noise contribution included in the end-to-end simulations, therefore no additional system temperature contribution is included in Eqn. 1. However, later in Sec. 3 the simulated GNSS transmissions are compared to an analytical model of the noise that assumes the full 200 dish SKA array.
Survey Design
The goal of these simulations is to determine the impact of GNSS satellites on the SKA HI IM survey described in Harper et al. (2017) , which models 200 dishes, observing of 30000 sq. deg. for Santos et al. (2015) and Bull et al. (2015) . However, since the GNSS signal in these simulations will repeat on 12 hour time scales (in reality perturbations in satellites orbits will induce long timescale drifts) and all the SKA dishes are located within a small angular separation on the Earth, all 200 SKA dishes will all see the same integrated GNSS sky signal. Therefore, these simulations only simulate a single SKA dish located at the centre of the SKA array. The observing strategy assumed for an SKA HI IM survey will be to slew all 200 dishes continuously in azimuth at a single fixed elevation of 30 • . This will be referred to as the survey scan mode. This observing strategy relies on the sidereal motion of the sky to sweep out the full sky coverage of 30000 sq. deg. covering all declinations < 10 • . This observing strategy will allow us to map the temporal fluctuations of the GNSS signals onto spatial modes and evaluate how the GNSS sky signal integrates with time and is spatially distributed. Observing times between 3 and 90 days are used to evaluate how the power spectrum of the GNSS fluctuations change with time.
To investigate the properties of the GNSS transmissions at the TOD level a separate drift scan mode observing strategy is used instead of the survey scan mode described above. A drift scan simply involves pointing the telescope at a fixed azimuth and elevation, which will be associated with some declination on the celestial sphere, and using the natural rotation of the Earth to scan the sky at the sidereal rate. Fixed drift scans at three declinations were chosen: −10 • , −40 • and −70 • . Since the density of GNSS satellites decreases away from the celestial equator, observing several declinations allows for the power spectra of the GNSS signals to be investigated without any mixing of spatial scales, and determine the fraction of time satellites will spend within any given angular separation from the main beam axis.
The simulated receiver is assumed to have 5 MHz frequency resolution over the frequency range of 750 < ν < 1400 MHz. This frequency range extends to slightly lower frequencies than the lowest SKA Band 2 frequency (ν ≈ 950 MHz) in order to explore the impact of GNSS transmissions across the full range of frequencies considered by single-dish HI IM. The choice of channel width in these simulations will have little impact, a wider channel width will act to smooth the GNSS frequency spectrum, but should have a minimal overall impact on the temporal or spatial fluctuations of the satellites relative to the HI intensity signal. A sample rate of 4 Hz is adopted, which achieves a nyquist sampling of the main beam when observing at elevation 30 • at a rate of 1 • s −1 . There is a flat receiver temperature of T rx = 20 K, which is only used when estimating the noise power spectra discussed in Sec. 3 and not used in the GNSS simulations. A summary of the two observing strategies and the properties of the simulated receiver is given in Table 1 .
Telescope Beam Model
We are interested in the magnitude of the fluctuations in the receiver system temperature due to the GNSS satellite transmissions being picked up in the far sidelobes of the MeerKAT or SKA beam patterns. Estimating the magnitude of the fluctuations requires a reasonable beam model of the far sidelobe structure. An estimated beam model can be generated through the transformation of a gaussian tapered illumination function over a circular aperture. The tapered illumination function is defined as (Wilson et al. 2009 )
where σ is the width of the gaussian taper and ρ is the number of wavelengths across the aperture
with D being the diameter of the dish and λ being the wavelength. Using the simplification of azimuthal beam symmetry the normalised beam pattern can be computed using the following integrals
where j 0 is a zeroth order bessel function. The forward gain of the beam is calculated by taking the ratio of the area of a sphere over the integral of Eqn. 4 for all co-latitudes, which results in
the gain of the beam models derived between 750 and 1400 MHz using this method is approximately 40 < G < 46 dBi. For many results presented in Sec. 3, Eqn. 4 is modified to remove the main beam response out to a given radius. This is done to excise satellites that approach within a certain radius of the main beam axis without having to discard the emission of other satellites during this interval. A sine filter is applied in co-latitude, defined as
where δθ is an arbitrary width for the filter, given here the value of δθ = 1 • , and θ c is the angular scale at which half the beam power is filtered. Fig. 1 shows the normalised beam models generated using Eqn. 4 at 1400 MHz. The models generated using the aperture illumination function recreate the main lobe and first sidelobe reasonably well at 1400 MHz when compared to a measured beam model 2 https://github.com/kmbasad/eidos provided by the MeerKAT collaboration. The model used in this work appears to over estimate the second sidelobe. However, we are largely concerned with giving a rough guide to the expected fluctuation level. The real beam is also expected to have significantly more complex far sidelobe structure that may increase the real far sidelobe fluctuations (Davidson et al. 2013 ) that this simple beam model does not capture. The main lobe filtered beam models apply Eqn. 2.2 at θ c = 5 • , 10 • and 15 • angular separations.
GNSS Satellites
These simulations only consider the GPS, Galileo and GLONASS constellations, other constellations such as BeiDou or regional GNSS constellations are neglected, as these are expected to have a minimal contribution at present. Similarly, GNSS support services such as the European Geostationary Navigation Overlay Service (EGNOS), or other geostationary GNSS satellites are neglected in this analysis. Geostationary satellites can contribute a significant RFI component, but are more easily avoided by simply not observing at low absolute declinations. Sec. 2.3.1 will describe the model used to translate satellite two-line element vectors into the instantaneous telescope frame, and Sec. 2.3.2 will describe the model of the received power of the satellites, and the frequency structure of each GNSS satellite.
Orbits
GNSS satellite constellations are constrained to fixed orbital planes. The modern GPS network is constrained to 6-orbital planes, with four satellites per plane and 24 satellites in total. The mean altitude of the satellites is 20200 km, giving each satellite an orbital period of approximately 12 sidereal hours. The Russian GLONASS constellation has a slightly lower orbital altitude of 19100 km, with 24 satellites distributed over just 3-orbital planes. Finally, the European Galileo constellation has an orbital altitude of 29600 km, with currently 20 of the planned 30 satellites in orbit distributed over 3-orbital planes.
The orbits of each satellite were calculated using publicly available two-line element (TLE) vectors from www.celestrak. com. As we are interested in the movement of GNSS satellites within the far sidelobes of the observing telescope, a method for transforming the TLEs into the local horizon frame of the observing telescope is required. To perform the transformations we used the methods described in Green (1985) . Appendix A describes these transformations in detail. Fig. 2 shows the 2D probability distributions of the GPS, GLONASS and Galileo constellations across the sky. As the satellites are constrained to non-rotating orbital planes, the satellites occupy approximately fixed strips across the celestial sky. The satellites in the GPS constellations have an orbital period of 12 sidereal hours, which means an observer will see the satellite pass over twice each day. However, since the sky will rotate 12 hours between transits, each GPS satellite traces out two tracks on the celestial sphere as shown in the figure. GLONASS and Galileo have slightly shorter and longer orbital periods than GPS respectively, and therefore produce far more complex transits across the celestial sky as shown in the bottom two plots of Fig. 2 . However, satellites in either constellation are still constrained to fixed strips on the celestial sky.
From Fig. 2 it can be seen that there are some regions of the sky that are more optimal to observe than others. The most clear regions of the sky are the North and South celestial poles, which never have a satellite approach closer than 25 • . There are then six large clean regions that are not coincident with the orbital planes of the GLONASS or Galileo constellations. However, the large number of GPS orbital planes means that there are few regions of the celestial sphere that are not, at some point, coincident with a GPS satellite.
In reality GNSS orbits are not as stable as they are modelled here, and satellites must periodically make small orbital corrections to account for being acted upon by many gravitational tidal forces. For this reason, the paths of the satellites across the sky will be more complex, especially the GPS satellite orbits. However, the satellites will still be constrained to the strips shown in Fig. 2. 
Satellite Brightness
We are interested in this paper in demonstrating the impact of the integrated GNSS satellite signal when measured within the sidelobes of the telescope and when observing at frequencies outside of the allocated GNSS bands. Sec. 2.2 and Sec. 2.3.1 are two principle tools required for calculating the fluctuations of the GNSS transmissions within the sidelobes, the final tool required is a model of the frequency spectrum of GNSS signals so that the brightness of the satellites can be determined at any given frequency.
The basic GNSS transmission is a carrier frequency that is encoded using a phase modulated signal. In the most simple case, the phase will switch between ±π, which encodes a square wave into the carrier. This form of modulation is commonly referred to as binary phase-shift keying (BPSK), and results in a power spectral density (PSD) distribution described by a simple sinc 2 function as (Hofmann-Wellenhof et al. 2007 )
where ν c is the carrier frequency, and mν 0 is the frequency of the encoded rectangular phase-shift signal, referred to as the chip rate. Several GNSS services use more complex multiplexing modulation methods, which result in more complex PSD distribution models. These more complex PSDs are described in Appendix B. GNSS transmissions from different constellations have different frequency allocations. For example, the GPS allocations are called L1, L2 and L5 in order of decreasing frequency. The GLONASS allocations are G1, G2 and G3, and the Galileo allocations are E1, E5 and E6. Usually two or three services are provided within each allocation per constellation that are referred to as precision (P), coarse-acquisition (C/A) and military (M) codes. Further, GPS and GLONASS satellites are separated into blocks. Each block may only transmit a subset of services available within a given constellation and will even have differences in the power output of any given service. Table 2 provides a summary of satellite service allocations used in these simulations that includes frequency coverage, typical power outputs and expected PSD responses.
To calculate the received power at the Earth of GNSS transmissions requires estimates of the output power and antenna gains of each satellite per service. Power measurements are taken from observations provided in Steigenberger et al. (2017) 3 . The gain of the satellite antennas are assumed to be constant, with the GPS gain set at 13.5 dBi taken from the Lockheed-Martin design specifications 4 , 15 dBi for the Galileo dishes based on measurements in Montesano et al. (2007) , and since no publicly available GLONASS beam model is available we adopt a nominal value of 13.5 dBi as in Steigenberger et al. (2017) . A summary of gain antennas per satellite are provided in Table 2 .
The received power of each satellite is estimated using
where G t is the transmitter antenna gain, P t is the transmitted power and r is the line-of-sight distance between the observer and satellite. Fig. 3 shows the integrated flux density (S sat ≈ P sat /δν) of the services provided by each satellite constellation assuming a channel width of δν = 1 MHz. For comparison, the figure shows how the expected flux density measured from the quiet Sun (Hafez et al. 2014 ) is comparable to the expected flux density of the satellites when measured in band. However, unlike the Sun there are always at least 30 GNSS satellites above the horizon at any one time. The highlighted regions of Fig. 3 represent the nominal frequency allocations of each GNSS service. The flux density measured from GNSS satellites in the unhighlighted regions are still far brighter than any typical astrophysical source that might be observed at similar frequencies.
To calculate the receiver system temperature contribution of all the GNSS satellite services combined requires including the beam model of Sec. 2.2 and the satellite orbit model described in Sec. 2.3.1. The brightness temperature of one satellite at a given time and frequency is calculated using
where P sat is the received satellite power from Eqn. 8, G r (ν) is the frequency dependent receiver gain as described by Eqn. 5, B r (ν, Ω 0 − Ω) is the normalised telescope beam pattern of Eqn. 4, Ω 0 is the pointing axis of the main beam and Ω is the angular position of the satellite on the sky. The simulated contribution of all satellites at time, t, to the system temperature is simply the integral of Eqn. 9 over all satellites above the horizon
where it is assumed that Ω is a function of time and N sats is approximately 30 if the horizon is at elevation 0 • . The left plot of Fig. 4 shows an example simulated TOD output for a 24 hour drift scan observation at a fixed declination of −10 • over a frequency 3 Steigenberger et al. (2017) provides a table of measured service powers for satellites in the GPS constellation at acc.igs.org/orbits/ thrust-power.txt. 4 https://www.lockheedmartin.com/us/products/gps/ gps-publications.html range of 750 < ν < 1400 MHz. At a declination of −10 • it is expected that there will be several events where satellites pass very close to or through the main beam of the telescope. One such transit event is marked at around 18 hours into the observation, with a peak brightness of almost 10 8 mK when observed within the GNSS allocated frequencies. However, most important to note is that the colour-scale in the figure spans more than 8 orders-of-magnitude. During the period spanned by the two dashed white lines in Fig. 4 no GNSS satellites pass within 29 • of the main beam axis. The right plot of Fig. 4 zooms in on this relatively quiescent region of the simulated observation. The right plot is on a linear colour-scale and the TOD within the satellite frequency allocation is highly saturated (peaking at 800 mK). The out-of-band regions however still show fluctuations of the order of 0.1−1 mK at frequencies as low as 800 MHz, which is still brighter than the expected HI intensity signal brightness of approximately 0.01 mK (Battye et al. 2013 ).
Critically, Fig. 4 shows that the GNSS emission has a lot of spectral structure, implying it will be more challenging to remove than spectrally smooth astrophysical foregrounds. A more qualitative discussion of the relative HI and GNSS signals is given in Sec. 3. There are several simplifications in these GNSS transmission models that are neglected. First, no atmospheric absorption is assumed as that is expected to induce only a 0.04 dB of loss at Lband frequencies (e.g. Steigenberger et al. 2017) . Variations due to the beam pattern of the satellites are also neglected as the beam is designed as such that there is no more than a factor of two difference between transmissions at the zenith and the horizon (Montesano et al. 2007; Marquis & Reigh 2015) . There is also a GPS L3 service at 1381.05 MHz that is not modelled as this is an intermittent broadcast. The variance in the power output levels of satellites within constellations, or blocks, are of the order of 10 per cent for GPS and Galileo and up to a factor of 2 for GLONASS broadcasts as presented in Steigenberger et al. (2017) , these variations are not included. Finally, the GLONASS G3 signals are simulated at only one central frequency. In reality the GLONASS G3 (and G1) services avoid self interference by transmitting at carrier frequencies unique to each satellite within the allocated ITU band (Hofmann-Wellenhof et al. 2007 ). In these simulations we have assumed one nominal central frequency, which is why the peak power within the G3 band is slightly offset from the band centre in Fig. 3 .
RESULTS
The most obvious way to mitigate RFI from GNSS satellites when observing with a single-dish telescope is to simply excise, or flag, TOD when a satellite is transitting through or close to the main beam of the telescope. However, these results will show that the fluctuations of the emission from satellites moving within the far sidelobes, more than 20 • away from the main beam axis, may still be problematic when integrated over the long periods required to detect the HI intensity signal. Sec. 3.1 will discuss the impact of the GNSS satellites at the TOD level using simulated drift scan observations with an SKA dish; and Sec. 3.2 will show the simulated impact of the integrated GNSS emission on a single-dish SKA HI IM survey covering 30000 sq. deg. with 200 dishes.
Note that the results presented in this section excise satellites approaching close to the main beam by modifying the main beam response as discussed in Sec. . Typical spectral energy distribution as measured from the Earth of GNSS transmissions at frequencies less than 1410 MHz. The top plot shows the SED for GPS, the middle plot shows Galileo, and the bottom shows GLONASS. Highlighted regions in the SEDs represent the nominal frequency allocations for each service and service designation. GPS services are highlighted in red, Galileo in blue and GLONASS in green. Unhighlighted regions in the SED are the predicted out-of-band transmissions. The dashed purple line shows the expected integrated flux density of the quiet Sun for reference.
SKA Drift Simulation
In this section we will simulate drift scan observations, where the telescope is fixed in the horizon coordinate frame and a circle on the sky is mapped at a fixed declination using the sidereal motion of the Earth. Three drift scans observations were simulated such that two lay within the declination range of the satellites at −10 • and −40 • , and one below the minimum GNSS declination at −70 • . Fig. 5 shows how much data would be lost when excising satellites within some angular separation from the main beam axis for the three different drift scan observations. The main beam in these simulations has an approximate full-width half-maximum (FWHM) of 1 • , and Fig. 5 shows that for all three drift scans very little data is lost to main beam transits (approximately 2 per cent at −40 • declination). However, GNSS transmissions are sufficiently bright (see Fig. 3 ), that it is likely necessary to excise data containing satellite transits far further from the main beam axis. Fig. 5 shows the angular separation at each declination that would result in 50 per cent loss of data, which lies between 10 • −20 • depending on declination. The fractional loss of data when using an observing strategy that spans multiple declinations would be a weighted sum of the curves shown in Fig. 5 .
One important metric to determine is the scale of the fluctuations of the GNSS satellite transmissions when picked up within the sidelobes of the telescope relative to both the expected RMS of the HI intensity signal and the noise of an SKA receiver. To calculate the approximate noise level of the SKA receiver we adopt the system temperature model described in Bull et al. (2015) T sys = T rx + T sky , where T rx = 20 K and T sky = 60 K(ν/300 MHz) −2.5 . The subsequent RMS of the thermal noise fluctuations is then calculated using the well known radiometer equation
where δν is the channel width given in Table 1 . It is also informative to compare the scale of the GNSS fluctuations to the final RMS of a nominal SKA HI IM survey that observes 30000 sq. deg., with 200 dishes over a period of 30 days Bull et al. 2015; Harper et al. 2017) . The survey RMS is estimated as
where σ w is as defined by Eqn. 12, Ω surv is the survey area, Ω beam is the beam area (assuming here a FWHM of 1 • ), N d is the number of dishes in the survey and T surv is the survey observing time.
To calculate the expected RMS of the HI signal we adopt the HI model described in Harper et al. (2017) and integrate over the angular power spectrum at each frequency as
where C (ν) is the simulated HI model angular power spectrum at frequency ν and is the spherical harmonic coefficient. Fig. 6 shows the mean RMS for the drift scan observations when suppressing satellites that transit within 5, 10 or 15 • of the main beam axis. The figure shows that declinations of −10 • and −40 • the satellite fluctuations only exceed the thermal noise of a single SKA receiver (the black dashed line) at the edge of the lower GNSS bands around frequencies of ν > 1150 MHz. The red dotdashed line in the figure shows for comparison the expected SKA HI IM survey noise level, which is less than the expected RMS of the GNSS emission at nearly all frequencies, even when observing near the SCP at −70 • declination. This is also the case for the RMS of the HI signal, which, as should be expected, is comparable to the survey noise RMS. Fig. 7 shows an example TOD stream of the simulated GNSS fluctuations alongside a histogram of the fluctuations and the Allan variance of the TOD using the beam model filtered out to 15 • from the main beam. The top plot shows the variations in the TOD in the 1227.5 MHz frequency channel over a ten day period. Note that there is clearly a periodicity to the signal, which corresponds to approximately 12 hour orbital periods of the GNSS satellites. The next plot shows that the distribution of the GNSS signal is log-normal. The last plot shows the Allan RMS, and it is here that the statistical properties of GNSS emissions is of concern. The Allan RMS is defined as the RMS measured on different timescales within the data, and for Gaussian white noise the Allan RMS should drop as 1/ √ T as illustrated in the figure by the black dashed line. However, the measured RMS of the satellites is seen to increase up to timescales of approximately 100 seconds, which is representative of the transit time of the satellite through the sidelobes of the telescope. Then on intermediate timescales, between 100 seconds and 12 hours, the RMS appears largely flat and then on timescales over 12 hours the RMS falls off. This figure implies therefore that only on integration times of a day or more will the pseudo-random variations of the GNSS satellites integrate down like white noise.
Complementary information to the Allan RMS in Fig. 7 can be drawn from taking the power spectrum of the GNSS fluctuations as shown in Fig. 8 . The figure shows the mean power spectra for channels 1227.5 and 802.5 MHz, taken from the drift scan centred on −70 • declination for a period of 10000 seconds. The first feature, marked in the figure by the red and green dot-dashed lines, are the sharp cut-offs in power on short timescales (approximately < 100 seconds). This sharp cut-off is due the convolution of the sidelobes in the beam antenna pattern with the fluctuations in the GNSS power at a given time. The two frequencies have different cut-offs because the sidelobe structure is changing in frequency, for example the higher frequencies have narrower sidelobes and thus a shorter satellite transitting time. The other key feature of Fig. 8 is the leveling off in the power on long timescales, which appear to be relatively flat (e.g., white noise) except for a small turn up on the very largest timescale. Combining the Allan RMS of Fig. 7 with the power spectra just discussed implies, reassuringly, that on timescales longer than a few minutes the GNSS transmissions should approximately integrate down as Gaussian white noise in time. Fig. 9 shows the variations in the spatially integrated GNSS fluctuations on the sky when applying to the beam model no filter, a 10 • filter and a 15 • filter at frequencies of 750, 1000 and 1200 MHz. Each row of the sky maps shown in the figure are normalised by the RMS of the map using the 10 • main beam filter. Note that the difference in scale between the two frequency channels outside of the GNSS bands are a factor of two or three different in brightness over 250 MHz. However, between 1000 and 1200 MHz (e.g., moving from out-of-band to in-band) there is a two order-of-magnitude difference in the expected brightness. The spatial distribution of the satellites changes very little with frequency, and as predicted from Fig. 2 , there are several relatively clear regions of the sky, one around the SCP, and several others positioned equidistance apart centred on ≈ −30 • declination. As these spatial structures are dependent on the orbital parameters of the satellites they will not change when using a different observing strategy. The sky area not contaminated by GNSS satellites around the SCP (declination < −65 • ) is approximately 1900 sq. deg., which is less than a tenth of the nominal SKA HI IM survey sky area, and a fifth of the sky area proposed for the precursor MeerKAT survey (Santos et al. 2017) . Even though this sky area is much reduced compared to the cur- Figure 6 . The expected RMS distribution of the simulated GNSS signals in the TOD for several fixed declination drift scan observations over one sidereal day. The three coloured lines shows the predicted RMS assuming all satellites within ±5, 10 and 15 • of the main beam are excised from the data. The dashed black line is the expected SKA sensitivity, and the dot-dashed red line is the expected survey sensitivity assuming 30 days observing with 200 dishes over 30000 sq. deg. rently proposed SKA HI IM survey areas, the significant reduction in GNSS contamination may make this a desirable survey field. Fig. 9 implies that there will be a large-scale feature across the sky that is caused by the GNSS fluctuations that will not average down over time. To evaluate the impact of this large-scale feature on a future SKA HI IM survey the angular power spectra of the sky maps at each frequency is calculated and compared with the expected HI angular power spectrum. The HI signal used in this comparison is calculated using the same method outlined in Harper et al. (2017) . The figure-of-merit that will be used is the ratio of the HI spectrum to the GNSS spectrum at each frequency defined as
SKA Survey Simulation
where f sky is the sky fraction observed, C is the model HI angular power spectrum, B is the angular power of the beam, and G is the measured angular power of the GNSS fluctuations seen in Fig. 9 . Using the 15 • filtered beam model and a simulated survey at a fixed 30 • elevation Fig. 10 shows how Eqn. 15 varies with angular harmonic and frequency ν. The figure shows that the SKA band 2 frequencies that are useful to HI IM (950 < ν < 1400 MHz) will be almost completely dominated by the structures imprinted on the sky by the GNSS signals. Even the higher band 1 frequencies shown in the plot (750 < ν < 950 MHz) are unusable on the largest scales of < 30. Fig. 10 should therefore serve as a warning that careful consideration should be given to developing methods for suppressing GNSS emission within HI IM observations.
CONCLUSIONS AND DISCUSSION
This paper has presented simulations of GNSS satellites within the GPS, GLONASS and Galileo constellations. Simulated drift scan and survey observations were used to demonstrate the statistical properties of the satellite transmissions within the sidelobes of a model SKA beam. It was shown in Fig. 5 that transits of GNSS satellites through main beam will not exceed more than 2 per cent of the data. In Sec. 3.2 it was demonstrated that the emission GNSS satellites will imprint large-scale structures onto sky when performing a large-area HI IM survey. These structures are not homogeneous or Gaussian in distribution, and as such some regions of the sky are more contaminated than others, with a large 1900 sq. deg region around the SCP identified as the cleanest region. These largescale structures due to integrated GNSS emission is not expected to average down with time, though will become smoothed on smallscales. Finally, in Fig. 10 it was shown that the expected angular power of the integrated GNSS emission will exceed the expected HI angular power on all scales sensitive to the SKA for frequencies > 950 MHz, and is still problematic on larger scales at lower frequencies. This implies that GNSS emission, even when excised from the data up to 20 • from the main beam will be problematic for future HI IM surveys. One method for removing the integrated emission from GNSS satellites may be to apply existing component separation methods used to suppress astrophysical foreground contaminants, such as generalised needlet internal linear combination (Olivari et al. 2016) and others. However, many of these component separation methods rely on astrophysical foregrounds being spectrally smooth, but as shown in Fig. 3, Fig. 4 and Fig. 6 the spectral structure of GNSS emissions is far from spectrally smooth. The effectiveness of existing component seperation methods may be limited without some modifications to include prior information of the GNSS emissions spectral structure.
It is possible to design hardware solutions to mitigate the impact of GNSS emission. It has been demonstrated in the past that cross-correlating data from auxiliary telescopes that are tracking GNSS satellites (Galt 1991) , or with hardware simulated GNSS signals (Ellingson et al. 2001 ) with data from the primary observing dish can significantly suppress GNSS interference. It has also been shown that phased array feeds (PAFs) can perform spatial filtering to adaptively suppress transmissions from GNSS satellites, which has been demonstrated with the Australian SKA Pathfinder (ASKAP) (Hellbourg et al. 2012 (Hellbourg et al. , 2014 . GNSS emission can also be suppressed by building a bespoke HI IM experiment and designing in strict requirements on beam sidelobe suppression such as with the BINGO telescope (Battye et al. 2013) .
Finally, in the real observations there will be many complexities that may modify the results presented in Sec. 3. For example, we have modelled the SKA beam using a simple Gaussian tapered airy disk that is the same for all telescopes. In reality the beam will have more complex sidelobe structures (Davidson et al. 2013 ) and each telescope beam will have small differences. This will change the way the spatial structures average on the sky perhaps making them more complex but could also be beneficial by reducing the overall angular power of the GNSS emission fluctuations. There are also many other complications that we do not consider here, such as polarisation leakage, satellite beams, orbital perturbations, power variations between satellites and more, all of which may make the GNSS interference more complex. 
APPENDIX A: GNSS ORBITS
The orbit of each satellite at any given time can be calculated from periodically measured variables contained within a data structure known as the two-line element (TLE). The five key parameters describing the orbital plane of a satellite in a TLE are:
• P -Mean motion in revolutions per day.
• M 0 -Mean anomaly at the time of TLE.
• e -Eccentricity of the orbit.
• i -Orbital inclination.
• Ω -Longitude of the Ascending Node (relative to a right ascension of zero).
Each TLE also contains a time of measurement and the argument of perigee, which together allow for the location of the satellite to propagated along its orbital path. The coordinate transfrom described in this section is based on the description given in Green (1985) . The TLEs for each the satellites in each GNSS constellation was taken from the online repository www.celestrak.com.
The first step is to determine the angular position of the satellite in its orbit, referred to as its true anomaly, at time t i relative to some start time t 0 . This is derived from the mean anomaly at time t 0 using the know mean motion of the satellite
The mean anomaly at time t i is related to the eccentric anomaly by
where e is the orbital eccentricy. Solving Eqn. A2 for E is done iteratively using the Newton-Raphson method. The true anomaly (ν) is then found using
which relates then to the position angle of the satellite in its orbit at time t i by θ = ν + ω, where ω is the argument of perigee. To get the cartesian position vector of the satellite at position angle θ first the semi-major axis (a) must be calculated using the mean motion of the satellite (P) and Kepler's second law a = µ
where µ is the combination of the Gravitational constant G and the Earth's mass M E . The instantaneous radial distance of the satellite from the centre of the Earth is r = a (1 − e cos(E)) ,
where e and E are eccentricy and the eccentric anomaly respectively as before. Finally, the position vectors are found via three transformations:
x = r (cos(ν + ω) cos(Ω) − sin(ν + ω) sin(Ω) cos(i)) ,
y = r (cos(ν + ω) sin(Ω) − sin(ν + ω) cos(Ω) cos(i)) ,
where all parameters are as previously defined and i is in the orbital inclination. Next, to estimate the position of the satellites in the horizon frame of the telescope the position of the observer in the nonrotating Earth coordinate frame must be calculated. The position of the telescope at an arbitrary altitude is defined as x t = (R t + f R E ) cos(θ + GST) cos(φ),
y t = (R t + f R E ) sin(θ + GST) cos(φ), (A10)
where R t is the altitude of the observatory, R E is the radius of the Earth, φ is the observer longitude, and θ is the observer latitude. To fix the coordinate system to the celestial frame the system is rotated in longitude using the he Greenwich mean sidereal time (GST). The factor f accounts for the flattening of the Earth at the poles and is defined by the World Geodetic System 1984 (WGS-84) as
where F ≈ 298.25. From the position vectors of the satellites and the observer at time t i it is trivial to calculate the satellites line-ofsight distance, azimuth and elevation positions.
APPENDIX B: GNSS POWER SPECTRAL DENSITY MODELS
In this section we will define the PSD models used for each satellite service as described in Table 2 . As discussed in Sec. 2.3.2 the most basic PSD is that of satellites using simple binary phase-shift keying (BPSK) modulation, which has a PSD defined by a sinc 2 function Figure B1 . The four PSD models used to simulate the total power emission from the GNSS satellites. The spectra are normalised to unity at the peak and are all shown on the same linear scale. The four spectra are representative of the Galileo E5A (BOCc(5,10)), E5B (BPSK (5)), E6 (altBOC(10,15)), and GPS-M (BOC(5,10)) spectra. The dashed black line marks the zero frequency.
where ν c is the carrier frequency, which is some integer multiple of ν 0 . The chip rate, which defines the phase-switching frequency, is defined as mν 0 . For services provided by Galileo and the GPS military (M) code the BPSK signals are modulated by a rectangular subcarrier wave, this is referred to as binary offset carrier (BOC) modulation. The purpose of BOC modulation is to spread the peak PSD frequencies away from ν c . For these simulations we will define three forms of BOC modulation: standard BOC, cosine-BOC (BOCc) and alternative BOC (altBOC). Details of the differences in these modulation schemes can be found in Hofmann-Wellenhof et al. (2007) , here we will simply describe the PSD models.
The standard BOC modulation PSD is defined as ( 
where as in Eqn. B1 ν c is the carrier frequency, which is an integer multiple of the fundamental frequency ν 0 . The chipping rate of the underlying BPSK signal is still mν 0 , while the subcarrier frequency is nν 0 . The BOCc PSD is defined as 
Fig . B1 shows a comparison between these four PSD using the Galileo E5A (BOCc(5,10)), E5B (BPSK(5)), E6 (altBOC(10,15)), and GPS-M (BOC(5,10)) codes as examples.
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